PREFACE
On the occasion of the retirement of Ulrich Schwarz, a symposium was held in Groningen in May of 1996, celebrating his contributions to the study of the interstellar medium, including his work on the high-velocity clouds. The coming together of many specialists in the latter field prompted the idea of compiling a book containing their contributions, and summarizing the status of our understanding of the high-velocity cloud phenomenon.
This seemed especially worthwhile at the time, since many exciting developments were taking place. After the discovery of some H i clouds with high velocities, about 40 years ago, the subject had been dominated by 21-cm observations of H i emission. Starting in the mid-1980s much progress was being made because of the availability of new instruments, such as large ground-based optical telescopes and UV observatories in space. The connections between the work on high-velocity clouds and other studies of the properties of the (hot) interstellar medium also became clearer.
Progress in the study of high-velocity clouds has been especially marked in the years between 1998 and 2003, during which time the Leiden-Dwingeloo Survey and HIPASS H i surveys became available, many extragalactic high-velocity cloud analogues were found, Hα measurements finally became practical, molecular hydrogen was discovered in IVCs, the first distances and metallicities were obtained, many highly-ionized high-velocity clouds were discovered by observing the O vi absorption lines with FUSE, and the model proposing an origin of the clouds in the Local Group was put forward, vigorously discussed, and analyzed in detail. With these new results, the high-velocity clouds moved from the category of peculiar phenomena to a place of significance in the study of the structure and evolution of the Milky Way and of other galaxies.
All authors were quick in their response to our request to write a chapter for this book, but some took a considerable time to complete their contribution (including some of the editors). For this and many other reasons, putting together this book took much longer than anticipated. Meanwhile, many important developments took place, and the editors had to request a complete rewrite of some chapters. We would like to thank the authors of those chapters (8, 9, 11, and 15) for their forbearance, and appreciate their extra effort. In one case (chapter 14) a rewrite turned out to be impractical, and the chapter is still in the form in which it was originally delivered in January 1999.
All authors were asked to (and did) update their texts in late 2003 and 2004 , to incorporate the most recent developments in their respective subfields. In the later stages, authors had access to the other chapters, allowing a fair amount of homogenization. Yet, each chapter reflects the author's views and conflicting thoughts on the HVC phenomenon have not been polished away. This makes the present book, ix the editors hope, an up-to-date account of the understanding of the phenomenon of high-velocity clouds in the Milky Way Halo and elsewhere, and therefore a much more valuable overview than it would have been if it had been finished a few years back, as was originally planned.
The editors like to express their gratitude to all of the authors contributing to this volume. It is their confidence in the final product which made it all work. We also thank the publishers, notably Harry Blom, for their patience and encouragement. A book is easily conceived but the making of it requires foremost endurance. Abstract. The discovery of gas clouds at high velocity outside the disk of the Milky Way dates from the middle of the 20th century. Since their discovery, numerous new techniques and new instruments have allowed great strides in the understanding of the high-velocity cloud phenomenon. This chapter presents a review of these developments, organized by period (five sections each covering about one decade), and within each period summarizing the progress in each of several subfields, such as radio surveys, UV observations, and theories.
Discovery; research until 1963
Studies in the late 1930s had revealed multiple interstellar absorption components in spectra of early-type stars (Beals 1938). In his survey of interstellar absorption lines in 300 stars, Adams (1949) tation for nearby galactic gas. These absorptions were called high-velocity clouds (HVCs), which at the time referred to interstellar gas with velocities differing by more than 20 km s −1 from the LSR (e.g. Schlüter et al. 1953) . A circumstellar origin was suspected for many such lines in the spectra of O and B stars.
In those years, Lyman Spitzer regularly visited Mt. Wilson, and he was generally well informed about the work going on there. As related by Münch (see de Boer 1989) , when Spitzer learned of Münch's findings, he surmised that if clouds of apparently neutral gas were present away from the Milky Way disk, a gaseous medium outside the disk should exist to pressureconfine these clouds. However, the confining gas had to be highly ionized, or it would have shown up in metal absorption lines too. Assuming hydrostatic equilibrium, Spitzer concluded that there should be gas with a temperature up to 10 6 K several kpc above the disk. Since very hot gases were at that time known only from the coronas of stars, Spitzer dubbed this gas the Galactic Corona , and he described the essence of this model in a very influential paper (Spitzer 1956). In it, he speculated that with further development of satellite techniques (Sputnik would be launched in 1957) high-resolution spectra in the ultraviolet might reveal the presence of absorption lines of Si iv, C iv, N v, and O vi. The physics of the Galactic Corona and questions about the required observations to study those gases showed up in Spitzer's class exercises for many years thereafter (Savage, priv. comm.). Exactly 40 years after the first paper on the Galactic Corona, Spitzer (1996) summarized his views of all the developments up to then.
Early radio research: 1963-1968
The first survey of Galactic H i was done from 1952 to 1955 with the 7.5-meter Kootwijk telescope in the Netherlands, complemented by data for the southern sky from a 36-ft aerial in Sydney, Australia. The results clearly showed the presence of differential galactic rotation and spiral arms (Oort et al. 1958) .
Following the prediction by Spitzer (1956) that there should be a Galactic Corona, Oort suggested to van Woerden that such a corona might contain neutral hydrogen with velocities up to 100 km s −1 , and that such hydrogen might replenish the gas seen to be expanding away from the Galactic Center (van Woerden et al. 1957 ). Early searches were started by Raimond in 1958, using the then just 2-year old 25-m Dwingeloo telescope (shown in Fig. 3 ). These were unsuccessful, because of insufficient sensitivity (a brightness temperature detection limit of ∼2 K). A few years later, however, new receiver technology led to several detections of H i with velocities of −110 to −175 km s −1 (Muller et al. 1963 ). These HVCs are now known as parts of core C I, and cores A IV and B. The paper was published in a relatively obscure journal (the Comptes rendus de l'Académie des Sciences de Paris), because of its very short publication time (a few weeks). A reproduction of this discovery paper is shown in Fig. 4 . Dieter (1964) found high-velocity gas near the South Galactic Pole, using the Hat Creek telescope. In the years after the discovery, astronomers from Leiden and Groningen used the Dwingeloo telescope to make a systematic search for high-velocity H i on a 10 • ×10 • grid at latitudes >+20 • . During the course of this survey, gas at velocities between −50 and −100 km s −1 was also found in many directions.
A condensations formed in a gaseous corona at high temperature; (c) clouds ejected from the Galactic Nucleus; (d) clouds ejected as cool clouds from the disk; (e) intergalactic gas accreted by the Galaxy; (f) small satellites of the Galaxy or independent galaxies in the Local Group. With the addition of (g) material tidally extracted from the Magellanic Clouds, this is still a good summary of the possible origins of HVCs, forty years later. In 1966, high-velocity gas found a place in the program of IAU Symposium 31, "Radio Astronomy and the Galactic System" (van Woerden 1967).
Developments 1968-1980
Following the discovery and early surveys, the decade from 1968 to 1980 saw much effort devoted to radio observations of the high-velocity H i. Little effort was put into the IVCs; Wesselius (1973) and Wesselius & Fejes (1973) completed the analysis of a Dwingeloo survey of the northern sky made by Tolbert (1971), but no further progress was made until the mid-1990s. On the other hand, surveys for the HVCs became ever more complete and many individual clouds were mapped in detail, while several papers put forward arguments for variants of Oort's suggested origins.
A small but steady stream of papers on HVCs kept appearing in these years (on average 6 a year), including a paper in the Annual Reviews (Verschuur 1975). In 1973 and 1978 there were special sessions on HVCs during IAU Symposia -No. 60 on Galactic Radio Astronomy (Kerr & Simonson 1974) and No. 84 on The Large-Scale Characteristics of the Galaxy (Burton 1979). In general, however, HVCs were only studied by a small number of astronomers, and they were considered something of a curiosity. Using a much improved receiver system at the Dwingeloo telescope, Hulsbosch (1978) mapped part of the Anti-Center region in detail, on a 1 • ×1 • grid, with a 36 beam. The difference with earlier surveys was that a much larger velocity range was searched (−500 to +500 km s −1 ), although at a velocity resolution of just 16 km s −1 , and that 15-minute integrations were used, giving a 5-σ detection limit of 0.05 K, or ∼2×10 18 cm −2 for a typical 20 km s −1 wide line. This was a factor ∼5 better sensitivity than any previous survey, a factor 2 to 3 broader velocity coverage, and a factor 4 greater sky coverage. Many new HVCs were discovered, including some with very high negative velocities (<−300 km s −1 ), which were named the VHVCs. At that time it was decided to extend this survey to almost the whole sky observable from Dwingeloo (declinations >−17.
• 2). Because of limitations in computing power and memory (the data were reduced on a PDP 11/70 with 32 kbyte of RAM and 1 Mbyte disks), only the velocity and peak brightness temperature of each identified high-velocity profile component were saved. By 1980 observations were progressing rapidly.
In the same period, an unbiased survey of most of the northern sky (declinations −18 to +55 • ) was carried out by Giovanelli (1980 Giovanelli ( , 1981 , using the 300-ft Green Bank telescope (9. 7 beam) on a 1 • ×2 • grid in right ascension and declination, with a velocity range of −900 to +900 km s −1 . This survey established that a) HVCs are only found at LSR velocities between −450 and +350 km s −1 , b) there are two populations of HVCs (the large complexes and the VHVCs, which stand out in a longitudevelocity plot), and c) a pronounced north-south asymmetry is present in the distribution of the HVCs. Giovanelli (1981) also argued that the angular and velocity distribution of the VHVCs is incompatible with that of Local Group galaxies, as well as incompatible with a location in the Galactic Disk. He concluded that they are likely either shreds of the Magellanic Stream or other objects orbiting the Galaxy.
DETAILED MAPPING
The period 1968 to 1980 also saw many papers with maps and analyses of individual clouds, at angular and velocity resolutions much higher than those of the surveys. One of the more important of these was the study by Giovanelli et al. (1973) , who used the Green Bank 300-ft to map large parts of clouds A, C, M, and HVC 131+1−200 (currently also known as complex H) at intermediate (10 ) angular resolution, showing that much structure is present, and discovering multiple cores, which they named A I, A II, A III, A IV, A V, C IA, C IB, C IC, C IIIA, C IIIB, C IIIC, M I, M II, M III. [Core C II is at lower velocities (∼−80 km s −1 ), and at the present time is considered part of the IV Arch, specifically core IV 8.] From these and other maps with 10 beams and 1 km s −1 velocity resolution, covering degree-scales, several authors concluded that the brightest HVCs show a core-halo structure (Davies et al. 1976 ; Giovanelli & Haynes 1977). This was interpreted as evidence for the presence of the standard two phases of the ISM -a cold phase, with temperature ∼100 K and density ∼1 cm −3 , and a warm phase, with temperature ∼10 4 K and density ∼0.01 cm −3 (Field et al. 1969 ). Both of these would then be confined by the external pressure of the hot Galactic Corona proposed by Spitzer.
High 
DISTANCES AND ABUNDANCES
Hypotheses for the origin of HVCs proliferated in this decade (see Sect. 3.5 ). Most of the proposals provided reasonable fits to some parts of the clouds' sky and velocity distributions, even though these models were very different. Predicted distances ranged from a few kpc to several hundreds of kpc. Discriminating between the models clearly required HVC distances and metallicities, which were completely lacking. That distances and metallicities held the key to understanding HVCs had been clear since their discovery. It had also been clear that deriving distances required high-resolution absorption-line spectra of faint background stellar targets with known distances. An early attempt was published just a few years after the discovery of HVCs (Prata & Wallerstein 1967). This study concentrated on the Ca ii K line, which together with Na i D is the only useful line in the optical. Unfortunately, both these interstellar lines tend to be weak in HVCs.
The early failure to detect absorption from HVCs, together with their possible intergalactic origin, led some authors to suggest that they are primordial (Z=0) gas. Due to a lack of known good background probes, the absorption-line studies languished for many years, with no positive results (detections), nor significant negative results (non-detections giving limits). 3 . 4 . UV AND X-RAY DATA; THE "GALACTIC FOUNTAIN" CONCEPT After the 1956 paper, Spitzer pushed to get access to the UV part of the spectrum in order to observe the highly-ionized gas in the predicted Galactic Corona. This led to the development of the Copernicus satellite. Launched in 1973, it gave access to the 900 to 3000Å spectral range, which includes the O vi, N v and C iv absorption lines. However, the tracking capability of that satellite was limited to stars brighter than V 6.5 mag, so that spectra could be obtained essentially only for nearby galactic stars. The 1970s also saw important developments in X-ray astronomy. First scans with rocket-borne X-ray detectors showed the presence of considerable diffuse X-ray emission (Williamson et al. 1974) .
Together, the widespread O vi and diffuse X-rays led to the need to include the hot (10 6 K) phase in the models of the ISM in the Disk. This hot phase was thought to be produced by supernova explosions, leading to outflows from the disk. Once in the halo the hot gas could cool, condense, and might fall back to the Milky Way disk as HVCs, establishing a "Galactic Fountain" (Shapiro & Field 1976) . In a first theoretical exploration of the kinematics, the estimated back-flow velocities were compared with observed HVC velocities and appeared to be largely in agreement (Bregman 1980 (1980) concluded that this was the first sign of the highly-ionized halo gas he had proposed in 1956. A first determination of metal column densities of the HVCs on the LMC sight line showed the metal content of the gas to be relatively high, but the weakness of the 21-cm emission prevented giving hard values (Savage & de Boer 1981). The z-extent of the C iv gas was found to be several kpc. Further, the Magellanic Clouds also appeared to possess an envelope of coronal gas (de Boer & Savage 1980; de Boer 1984). 
Developments 1981-1991
This decade saw the culmination of the earlier radio efforts, which would pave the way for the work in the decade thereafter. Specifically, the completion of Hulsbosch's survey of the northern sky, and the high-angular- 
SURVEYS
The observations for Hulsbosch's Dwingeloo HVC survey (see Sect. 3 .1) were finished in 1982, but several more years of mopping up passed, and Hulsbosch left astronomy. Wakker then prepared this survey for publication, resulting in the Hulsbosch & Wakker (1988) catalog. As the Dwingeloo survey was nearing completion, Argentinian astronomers used the 30-m dish at Villa Elisa for the first systematic HVC survey of the southern sky, with parameters chosen to match the northern survey, albeit on a 2 • ×2 • grid (Bajaja et al. 1985). They followed this by more detailed mapping of individual clouds (Bajaja et al. 1989 ). Combining the northern and southern data, Wakker & van Woerden (1991) produced the first all-sky HVC catalog. In this catalog they decided to name the HVC complexes and number the clouds, rather than using the l,b,v notation, since for many clouds and complexes it is not clear whether one should use the brightest core, the average for the cores, a position-weighted average or an intensity-weighted average to determine the l,b,v name. Thus, HVC complexes D, G, H, L, WA, WB, WC, WD, GCN and GCP came into existence. "D" and "L" were named after the constellations Draco and Libra, in which they lie. "H" was named after Hulsbosch, "G" is near the galactic plane and close to "H", "GCN" and "GCP" are near the Galactic Center. The "WA" through "WD" clouds are the positive-velocity complexes discovered by Wannier, Wrixon & Wilson (1972) -the author names of the discovery and naming papers all start with "W". Each cloud was also given a "WW" number in the catalog by Wakker & van Woerden (1991).
The Dwingeloo survey also led Wakker (1991) to propose a new definition for the HVCs, based on the "deviation velocity". This is the difference (negative or positive) between the observed velocity and the maximum radial velocity that can be understood from a simple model of galactic rotation. Defining HVCs in this manner allows one to eliminate clouds with |v LSR |>100 km s −1 near the galactic plane, while at the same time including clouds with |v LSR |∼90 km s −1 at high galactic latitude.
DETAILED MAPPING
The results that Schwarz & Oort (1981) obtained by mapping core A I at 1 and 1 km s −1 resolution using the WSRT led to the hope that such maps contained the key to understanding the internal physics of the clouds. As a result, a number of cores and small clouds were mapped in detail, which became the basis for Wakker's (1990) Ph.D. thesis. However, deriving physical parameters proved difficult, especially since the estimates depend on the assumed distance. Nevertheless, it was shown that the brighter cores have a hierarchical structure, and that column density variations of up to a factor a few exist on arcminute scales. Wakker & Schwarz (1991) also considered that the velocity field for two small VHVCs mimicked the rotation of a self-gravitating cloud. They rejected this as an explanation because it implied distances of several 100 kpc, and an average H i volume density of 10 −3 cm −3 , small enough to expect that the clouds would be mostly ionized, in which case the calculations are no longer valid.
One important finding from the high-angular-resolution work was that HVC cores show structure down to (and below) 1 arcminute scales, implying that accurate determinations of the H i column density in the direction of background probes require a high-resolution H i map.
X-RAY OBSERVATIONS OF THE GALACTIC HALO
Following the earlier discovery of diffuse X-ray emission, further X-ray measurements by the Wisconsin group resulted in the proposal that the Sun was embedded in an X-ray-emitting cavity, the Local Hot Bubble. Others maintained that the emission also contained a component associated with the hot fountain-flow gas in the Halo. Thus the quest was on to find shadows of HVCs against the X-ray-emitting hot background gas. Such shadows were indeed found in data from the X-ray satellite ROSAT launched in 1990. The group in Bonn found the shadow of the Draco Cloud (Burrows & Mendenhall 1991; Snowden et al. 1991 ) and of a cloud in Hercules (Lilienthal et al. 1992 ). However, both were shadows of lower-velocity clouds closer to the disk.
Two competing models for the distribution of the X-ray-emitting gas were debated: 1) a Local Hot Bubble plus an extragalactic background was favored by the Wisconsin group (see review by McCammon & Sanders 1990); 2) a multi-phase model of hot and cool pockets on all lines of sight, with the halo being predominantly hot and radiating, was favored by others (see Hirth et al. 1991 ). The competition for data and data rights of the ROSAT All Sky Survey, with which both models could be tested, was fierce. . 1985) . However, HVC distances and metallicities still remained basically unknown. By this time it was clear that progress required observations of stars and AGNs fainter than about V =15 at 15 km s −1 resolution or better, which was just beyond the reach of most telescopes.
Without knowing distances, it is difficult to properly understand the distribution of HVC radial velocities. However, by using the statistics some progress can be made. An observational indication that halo gas rotates slower than the Milky Way disk came from the velocity of absorption lines found toward halo globular clusters (de Boer & Savage 1983, 1984). Combining this with the Center vs Anti-Center velocity asymmetry in Giovanelli's (1980) data, Kaelble et al. (1985) found that inflow (both vertical and radial) as well as rotation slightly slower than that in the disk are characteristics of the kinematics of most HVCs.
Progress was also made in understanding the Galactic Corona. Sembach & Savage (1992) analyzed the distribution of C iv and N v absorption, based on IUE data. Danly (1989) and Danly et al. (1992) studied the intermediatevelocity clouds with IUE, finding that the velocity range of the absorption appeared to increase with increasing distance from the plane, but only in the northern sky. However, these studies required bright, relatively nearby stars, often not projected onto H i HVCs, so they did not provide direct data on HVC distances.
HYPOTHESES FOR THE ORIGIN OF HVCS
Little progress was made in the theoretical understanding of HVCs in this decade, although the Galactic Fountain model started gaining favor. New models were proposed (e.g. HVCs as a polar ring -Haud 1988), but none of these has stood the test of time (see Ch. 13 for the current status of the polar ring idea).
Developments 1992-1999
During the nineties, HVC research came of age. At the beginning of the decade the old situation still prevailed, in which a small number of afficionados made slow progress on various aspects of the phenomenon. By 1999 the HVCs had become a hot topic that commanded widespread interest. The number of refereed HVC papers went up to an average of 10 a year, and by the end of the decade, the first separate HVC conference had taken place, in Canberra, Australia (Gibson & Putman 1999). The first distances and metallicities had been measured, making it possible to link individual clouds with some of the models proposed in the previous three decades, and indicating that examples might be found for several of these origins. HVC analogues were starting to be discovered in other galaxies, while Galactic HVCs were detected in Hα emission. Finally, Blitz et al. (1996) proposed that most (if not all) HVCs contained 10 times more dark matter than H i, and that they were the remnants of the formation of the Local Group, thus enlarging the context in which HVCs were to be understood.
SURVEYS
In the nineties, there were few 21-cm studies specifically aimed at observing HVCs. Nevertheless, four major developments took place. Finally, from studies of the small-scale structure of the HVCs (see Ch. 7) some authors concluded that it is possible to use the morphology observed at high angular resolution to uncover evidence for interactions of the HVCs with their environment. This work is summarized in Ch. 12.
EXTRAGALACTIC HVCS AT 21 CM
By the end of the eighties, H i interferometers had finally become sensitive enough that searches for HVCs in external galaxies were possible. This search was pushed hard by Sancisi in Groningen. A first check of old data showed the possibilities (Wakker et al. 1989 ). The first bona-fide extragalactic HVCs were discovered in M 101 by van der Hulst & Sancisi (1988). These objects have velocities of 80 to 150 km s −1 relative to the underlying disk, and appear more massive than HVCs in the Milky Way. Several other galaxies were observed in great detail in the ensuing years, and H i with deviating velocities was found to be common. In a series of papers, Schulman et al. (1994, 1996, 1997 ) observed several galaxies with Arecibo and the Very Large Array (VLA ), concluding that the high-velocity gas seems to be related to the underlying star-formation activity. High-sensitivity interferometer observations also showed many clouds unrelated to disk gas. Chapter 6 presents a review of this work, as well as a discussion of the post-1999 results and the implications for understanding the Galactic HVCs. These data appeared to hold the promise of determining HVC distances, by assuming that the Hα emission was the result of recombination after photoionization, an idea first proposed for HVCs by Ferrara & Field (1994). However, it has turned out to be more complicated than that, and more observations and theory will be necessary to properly interpret the Hα emission. A review of the current status of this work is given in Ch. 8, while the implications of the Hα detections are discussed in Ch. 16 . al. 1996 ). This result was used to obtain HST time, which showed that complex C has a metallicity ∼0.1 times solar, firmly establishing that it does not have a Galactic origin (Wakker et al. 1999). Chapter 10 describes these and post-1999 results on distance and abundance determinations in detail.
PROGRESS IN THE ULTRAVIOLET
The sensitivity of IUE was insufficient to observe extragalactic targets at high resolution, except for the bright supernova SN 1993J in M 81. In its spectrum de Boer et al. (1993) found an HVC containing both lowionization-stage metals (C ii, Mg ii, etc.) and C iv, at velocities clearly indicating infall onto M 81.
Savage et al. (1997) analyzed high-resolution HST observations of C iv and N v toward extragalactic objects, and estimated the scaleheight of the hot gas, deriving ∼4 kpc for C iv, and ∼2 kpc for N v. This difference shows a complication with the observational interpretation of the highlyionized atoms in terms of Spitzer's hot halo -some of these ions may be photoionized. The presence of hot gas in the lower halo now is firmly established, however, vindicating Spitzer's idea that neutral halo clouds are confined by a source of external pressure. 
New developments since 1999
6.1. THE LOCAL GROUP HYPOTHESIS Broad interest in HVCs was generated by the proposal by Blitz et al. (1996 Blitz et al. ( , 1999 that HVCs represent the missing population of dark-matter halos in the Local Group (see Ch. 14 for a full description). Although few people familiar with the details of the HVC phenomenon accepted this idea, it generated a lot of work in trying to understand HVC metallicities, mapping HVC Hα emission and comparing the gas content of the Local Group with that of other galaxy groups (see Chaps. 
RE-OPENING THE FAR-ULTRAVIOLET
The launch of the Far Ultraviolet Spectroscopic Explorer (FUSE ) occurred in June of 1999. With it, Spitzer's hot Corona is finally being studied in detail. FUSE (shown in Fig. 5 ) also has revolutionized the study of HVCs, providing many measurements of metallicities, and showing the ubiquity of the highly-ionized HVCs, which were previously only known from a few directions (Sembach et al. 1999 ). Highlights of the discoveries made with FUSE are summarized in Chaps. 9, 10 and 11. The papers based on The O vi absorption associated with the highly-ionized HVCs was an- 
